Abstract: Enteric and diarrheal diseases are a major cause of childhood illness and death in countries with developing economies. Each year, more than half of a million children under the age of five die from these diseases. We have developed a portable, microfluidic platform capable of simultaneous, multiplexed detection of several of the bacterial pathogens that cause these diseases. This platform can perform fast, sensitive immunoassays directly from relevant, complex clinical matrices such as stool without extensive sample cleanup or preparation. Using only 1 µL of sample per assay, we demonstrate simultaneous multiplexed detection of four bacterial pathogens implicated in diarrheal and enteric diseases in less than 20 min.
Introduction
Globally, enteric and diarrheal diseases are one of the most common causes of death in children under the age of five, second only to pneumonia [1] [2] [3] [4] . Though treatable and preventable, diarrhea is a significant problem in the developing world due to the scarcity of safe drinking water and sanitation. Studies of this problem point to a cycle of poor health and nutrition leading to susceptibility to infection by enteropathogens, leading to acute and prolonged diarrhea that exacerbates poor health and malnutrition [5] . This cycle must be interrupted by access to both well-established and proven treatments, such as oral rehydration therapy, and diagnostic tools capable of identifying causative pathogens and informing targeted treatments and preventative measures.
Although the developed world possesses significant medical infrastructure for timely and effective diagnostics, technologies appropriate for low-resource settings have been slow to emerge. For the purposes of tackling the problem of enteric and diarrheal diseases, affordable, easy-to-use, and field-deployable tools are needed to replace conventional microbiological techniques such as culture methods that require substantial time, extensive training, and specialized facilities. In addition to high sensitivity and specificity, the ideal test platform should require minimal sample preparation and be capable of handling a variety of clinical sample types, a major challenge for diagnostics developers [6, 7] . Additionally, multiplexed detection is critical for diagnosing enteric diseases since co-infections are very commonplace [8] . Differential diagnostics is also important for pursuing the correct course of action; in the case of enterohemorrhagic E. coli, administration of antibiotics is counter-indicated, as it would cause the cells to lyse, releasing large amounts of toxin into the body.
Numerous commercial diagnostic systems have been developed with screening kits aimed at the detection of enteric infections. These include the BD Max system from Becton Dickinson The device and an overview of principles of the centrifugal sedimentation assay are shown in Figure 1a . Antibody-functionalized microparticles (1 µm silica beads) and unbound fluorescently-tagged antibodies comprise a detection suspension which is mixed in equal volumes with the sample. The resultant mixture comprising the sample and detection suspension is then loaded into the channel formed by pressure sensitive adhesive in the middle layer of the device. In the channel is pre-loaded the density medium through which the microparticles will differentially sediment from objects that are less dense. The microparticles then form a pellet at the periphery of the disc due to centripetal acceleration and channel geometry, shown in Figure 1b . In the presence of the analyte of interest, the fluorescently-tagged detection antibody will form a complex with the microparticle-bound capture antibody with the antigen serving as a bridge. The fluorescence of the microparticle pellet is measured to quantify concentration of the target analyte in the sample as compared to a standard curve. The entire assay requires less than 30 min (compared to several hours for other in vitro assay approaches). Furthermore, the scale of the device allows for small samples sizes (7 µL per sample), whereas other assays typically use much larger volumes (e.g., 100 µL for ELISA).
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Microfluidic Disc Design and Fabrication
The microfluidic disc has an outer diameter of 89 mm and is composed of three layers. The top and bottom are made from 1.5-mm-thick cast poly(methyl methacrylate) (PMMA) sheets (McMaster-Carr) that were etched and cut using a CO 2 laser cutter (Universal Laser Systems). The middle layer is made from 75-µm-thick double-sided, pressure-sensitive adhesive (PSA) (Fralock, Valencia, CA, USA) and defined the channels. Inlet ports were 1.5 mm diameter; channel length (in the radial direction) was 25 mm and channel width (in the circumferential direction) had a maximum of 5.86 mm and narrowed to 1.38 mm at the tip. The channel design served both to isolate the individual regions of detection spatially, thereby reducing inter-channel interference, and to concentrate the resultant bead pellet physically by confinement.
Reagent Preparation
Carboxylic acid-functionalized silica microparticles (Bangs Labs, Fishers, IN, USA), 1 µm in diameter, were activated with an excess of N-ethyl-N -(3-dimethylaminopropyl)carbodiimide and n-hydroxysuccinimide (0.5 mmoles of each) at pH 6.4 in 1 mL of 100 mM 3-(N-morpholino) propanesulfonic acid to form the succinimidyl ester. Then particles were washed once with 100 mM 3-(N-morpholino)propanesulfonic acid and subsequently twice with phosphate buffered saline (PBS; 138 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , pH 7.4). The capture antibody was added to a final concentration of 0.6 g/L and the solution was raised to pH 8. Detection antibodies were labeled with AlexaFluor 647 (Life Technologies, Carlsbad, CA, USA). For each pathogen, the same polyclonal antibody was used for detection. The same procedure was used to label each detection antibody. Antibodies were first buffer exchanged into PBS using desalting spin columns (7 kDa molecular weight cut-off, Pierce). Then 100 µg of activated dye was dissolved into 4 µL of dimethylsulfoxide and added to 100 µg of antibody in 176 µL of PBS. Then 20 µL of 1 M NaHCO 3 was added to raise the pH to 8.15. The reaction proceeded at room temperature for 15 min in the dark with end-to-end rotation. After the reaction was complete, unreacted dye was separated from the antibody by another desalting column. Dye to antibody ratios were determined spectrophotometrically by UV absorbance.
Immunoassay Protocol
First, 1 µL of antigen and 1 µL of detection antibody (final concentration 0.75 g/L) were added to 6 µL of a 12% (w/v) suspension of capture particles (as prepared above). Antigen dilutions were generated by first diluting stock bacteria to 10 6 bacteria/mL (lot-dependent concentrations from the manufacturer) in the matrix of interest and subsequently serially diluting in the same matrix. De-identified, pooled, whole, normal human blood (lithium heparin) from healthy adult donors, mouse serum, normal human saliva, normal human urine, and normal mouse stool were purchased from Innovative Research (Novi, MI, USA) and used without further treatment. Liquid matrices and suspensions (i.e., blood, serum, saliva, and urine) were used as the assay diluent as is. Feces were diluted in PBS to a concentration of 50% solids (w/v) prior to use to aid in pipetting. Antigens and antibodies were incubated at room temperature for 15 min. After incubation, the suspensions were mixed by pipet and 7 µL were added to the channel of the microfluidic disc above the preloaded density medium. Discs were then placed into the prototype device, secured with a thumbscrew, and the analysis protocol was started via the computer-controlled GUI. The device automatically spins the disc at 8000 RPM, indexes the channels, analyses each channel via laser-induced fluorescence, and reports relative fluorescence values to the connected computer. The fluorescence values are then exported to Prism (GraphPad Software, San Diego, CA, USA) for data analysis and reduction. Replicate data points were averaged, standard deviation was graphed as the error, and the data were fit to a four-parameter logistic curve. Limits of detection were interpolated from the curve fit using the IUPAC definition of three standard deviations above the noise.
ELISA Protocol
Capture antibodies were diluted to a concentration of 10 mg/L in Tris-buffered saline (TBS; 50 mM Tris, 150 mM NaCl, pH 8). To a high-binding 96-well plate, 0.1 mL of the diluted capture antibody was added to each well and allowed to incubate overnight at 4 • C. After incubation, the liquid was removed and the plates were washed three times with 0.2 mL of TBS. The plate was then blocked with 0.2 mL of blocking buffer (5 wt/vol % dry non-fat milk in TBS) for 2 h at room temperature. Blocking buffer was then aspirated and the plate was washed three times with 0.2 mL of TBS. The antigen was interest was diluted as above and 0.1 mL was added to the plate. The antigen was allowed to bind for three hours at room temperature. Samples were aspirated and the plate was washed three times with TBS with 0.05 wt/vol % Tween-20 (TBST). Diluted detection antibody (HRP-conjugated, 1:100,000 dilution in TBS, 0.1 mL) was added to the plate and allowed to incubate for two hours at room temperature. The detection antibody solution was then aspirated and the plate washed four times with TBST. To the plate, 0.1 mL of substrate (SuperSignal Femto, Thermo Fisher Scientific, Waltham, MA, USA) was added and analyzed by a plate reader (Envision, Perkin Elmer, Waltham, MA, USA).
Safe Handling of Human and Animal Products
All human samples were commercially acquired and screened for common blood-borne pathogens. Animal samples were likewise commercially acquired and screened. Nonetheless, universal precautions were observed while handling sample matrices including personal protective equipment, aerosol-resistant liquid handling tips, and biological safety cabinets.
Multiplexed Analysis
To demonstrate specificity, selectivity, and multiplexing, a pool of bacteria was created consisting of 100,000 cells/mL of each bacteria except the analyte of interest. For example, to test for specificity and selectivity of E. coli antibodies, a background pool consisting of Salmonella, Shigella, and Listeria was made with each of these bacteria at 100,000 cells/mL. E. coli was then titrated into this pool at various concentrations. Each immunoassay proceeded as above.
Results
In order to demonstrate multiplexed detection of each of the pathogenic bacteria simultaneously, a single sample was screened directly from stool on a single disc. A range of bacteria concentrations were tested in this multiplexed format and the resulting fluorescence measurements, displayed in relative fluorescence units (RFU), are shown in Figure 2 . Each target was successfully detected in the presence of other background pathogens and complex sample matrices, conditions that would prove difficult for traditional methods without the use of extensive sample preparation. Furthermore, we characterized the sensitivity of the platform by screening a series of dilutions of each bacterial pathogen in variety of sample matrices. For each target, three discs were run and the results for samples in assay buffer are shown in Figure 3 . From this we demonstrate limits of detection (LOD), defined by IUPAC standards to be three standard deviations above the noise, down to as low as 10 s of cells for the bacteria of interest. It can be seen that E. coli and Shigella are the most sensitively detected, following by Salmonella and Listeria. This trend agrees with the results of the multiplexed detection experiments shown in Figure 2 . The full set of LOD values for each bacteria and sample matrix is presented in Table 1 . Furthermore, we characterized the sensitivity of the platform by screening a series of dilutions of each bacterial pathogen in variety of sample matrices. For each target, three discs were run and the results for samples in assay buffer are shown in Figure 3 . From this we demonstrate limits of detection (LOD), defined by IUPAC standards to be three standard deviations above the noise, down to as low as 10 s of cells for the bacteria of interest. It can be seen that E. coli and Shigella are the most sensitively detected, following by Salmonella and Listeria. This trend agrees with the results of the multiplexed detection experiments shown in Figure 2 . The full set of LOD values for each bacteria and sample matrix is presented in Table 1 . Furthermore, we characterized the sensitivity of the platform by screening a series of dilutions of each bacterial pathogen in variety of sample matrices. For each target, three discs were run and the results for samples in assay buffer are shown in Figure 3 . From this we demonstrate limits of detection (LOD), defined by IUPAC standards to be three standard deviations above the noise, down to as low as 10 s of cells for the bacteria of interest. It can be seen that E. coli and Shigella are the most sensitively detected, following by Salmonella and Listeria. This trend agrees with the results of the multiplexed detection experiments shown in Figure 2 . The full set of LOD values for each bacteria and sample matrix is presented in Table 1 . As a proof-of-concept demonstration of the platform's versatility, we demonstrate the detection of E. coli from a variety of clinical sample matrices such as urine, blood, and stool for a range of cell concentrations (Figure 4) . Though bacteria will typically not be found in all of these matrices, the results demonstrate a robust, linear response independent of the sample matrix. It is interesting to note that the limits of detection in biological samples may be improved compared to the assay buffer in some instances. We propose that this phenomenon may be explained by the excluded volume effect, or macromolecular crowding [34, 35] . The biological sample matrices are highly complex with a large diversity and concentration of molecules. Therefore, a larger number of molecules will interact with the antibodies on the surface of the particles. Weakly binding species will be further pushed off of the beads by tighter binding partners and competition may decrease the amount of nonspecific binding to the particles prior to the wash in the density medium due to Stokes' flow. The cumulative effect may be an improvement in the limit of detection by increasing specificity. As a proof-of-concept demonstration of the platform's versatility, we demonstrate the detection of E. coli from a variety of clinical sample matrices such as urine, blood, and stool for a range of cell concentrations ( Figure 4) . Though bacteria will typically not be found in all of these matrices, the results demonstrate a robust, linear response independent of the sample matrix. It is interesting to note that the limits of detection in biological samples may be improved compared to the assay buffer in some instances. We propose that this phenomenon may be explained by the excluded volume effect, or macromolecular crowding [34, 35] . The biological sample matrices are highly complex with a large diversity and concentration of molecules. Therefore, a larger number of molecules will interact with the antibodies on the surface of the particles. Weakly binding species will be further pushed off of the beads by tighter binding partners and competition may decrease the amount of nonspecific binding to the particles prior to the wash in the density medium due to Stokes' flow. The cumulative effect may be an improvement in the limit of detection by increasing specificity. In order to compare the centrifugal microfluidic platform described here to gold standard techniques, we conducted a side-by-side comparison with microtiter plate ELISA. The data of these In order to compare the centrifugal microfluidic platform described here to gold standard techniques, we conducted a side-by-side comparison with microtiter plate ELISA. The data of these control experiments are shown in Figure 5 . Similar limits of detection between the two methods are seen and the method comparison plots show good linearity between the two platforms. 
Conclusions
We have demonstrated a microfluidic platform and screening methodology well suited to addressing global health issues, including the burden of enteric and diarrheal diseases on the developing world. This platform offers an affordable and field-deployable solution with high sensitivity, specificity, and selectivity. Another key advantage of the system is the ability to detect the analyte of interest directly from a clinically relevant sample matrix without extensive prior sample clean-up or preparation. Traditional microplate ELISAs rely on extensive washing steps and long incubations to achieve comparable sensitivity. The platform automates, simplifies, and expedites these steps through the use of differential sedimentation; Stokes flow provides several hundred bead-volumes of washes. The ease of use, low cost, and simplicity of the device make a compelling case for use in triage situations, disease surveillance, outbreak response and tracking, or other diagnostic needs in resource-constrained environments. Future directions for the development and application of the microfluidic platform include the addition of temperature control for conducting nucleic acid-based detection and expanding the diagnostic versatility. 
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